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ABSTRACT  
In this paper, we investigate optical wireless repeaters as relay terminals between a transmitter and a user in an 
Infrared Optical Wireless Communication (IROWC) system. A delay adaptation method is introduced to solve the 
problem of irregular signal arrival time from different relay terminals. Three different relay terminal deployment 
scenarios were investigated in a typical two-phase relay IROWC system with the proposed delay adaptation 
method. The simulation results indicate that the proposed system has better impulse response compared to the 
conventional system and that the root-mean-square delay spread of the relay system with the delay adaptation 
method is on average 30% less than the conventional system.  
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1. INTRODUCTION 
Relay communication techniques can be attractive in Infrared Optical Wireless Communication (IROWC) 
systems. IROWC systems are a kind of indoor OWC systems that are not affected by dimming control and 
illumination requirement [1]-[8]. Such systems can be considered as complementary to conventional radio 
frequency communication (RFC) systems or as independent systems to provide wireless communication in indoor 
environment [9]-[15]. Conventional diffuse systems (CDS) are a form of IROWC system that contain a diffuse 
transmitter and wide field of view (FOV) receiver at the user device. Due to Inter Symbol Interference (ISI) 
distortion, intense ambient noise, and relatively low received power, a CDS cannot archive high data rate 
communication [1]. In order to overcome this drawback of CDS, relay communication techniques common in RFC 
systems can be considered in IROWC systems [16]-[17]. The signal from the transmitter can be enhanced by some 
relay terminals and forwarded to the user.  Moreover, the relay terminals can enhance the received optical power 
at the user in situations where link 
blockage occurs between the 
transmitter and the user.  
Figure 1 shows a typical two-phase 
relay mode used in the IROWC system. 
In this relay IROWC mode, a 
communication is divided into two 
phases. In the first phase, the infrared 
transmitter on the ceiling sends a signal 
to several relay terminals. In the second 
phase, the relay terminals send the 
signal to the users on the 
communication plane. However, for 
different relay terminals, the link 
distance from the transmitter via relay 
terminals to user are different causing 
dspersed signal arrival time at the 
receiver. This multipath spread caused by multiple relay terminals can result in serious pulse spread and ISI.  
In this paper, we propose a delay adaptation method to address this problem. This method balances the arrival 
time of the signals from different relay terminals by adding a pre-calculated (derived through a pre-distortion 
equalizer) delay to different relay terminals. In order to study the effectiveness of this method, we consider three 
different relay terminal deployment scenarios. The rest of the paper is organized as follows: The delay adaptation 
method is introduced in Section 2, while the simulation configuration and the results are provided in Section 3. 
Finally, the conclusions are presented in Section 4.  
2. THE DELAY ADAPTATION METHOD  
In order to overcome the drawback of different arrival time of signals in IROWC systems with relay terminals, a 
delay adaption method is used. This method reduces the time spread by adding differential delays to different 
beams, as first proposed in [18] - [24]. Before the formal communication begins, the relay terminals and the user 
 
Figure 1 the flow chart of relay communication in one time slot 
synchronize at the start of a frame. Each relay terminal individually emits a special pulse sequence in a 
predetermined order. When the user receives the first pulse sequence, the user calculates the time delay time needed 
to achieve synchronization. The second relay terminal emits a pulse sequence after a predetermined time interval. 
The user receives this pulse sequence and hence determines the time delay of the second relay terminal. The 
differential delay is then determined. After the user computes the time delay of all relay terminals, a feedback 
signal of differential delays is sent to each relay terminal via an uplink channel.  
An alternative method that can also be used to assist delay adaptation can be based on optical orthogonal codes. 
In the delay adaption method mentioned above, relay terminals and user synchronise at the start of a frame before 
the formal communication begin. However, each relay terminal of this new method simultaneously sends a special 
code based on a unique optical orthogonal code sequence. Users can identify the signals from different relay 
terminals with relevant decoders due to the auto and cross correlation properties of optical orthogonal codes [19]-
[21].  
The decoded signals are sent to a 
compartor circuit to compute the 
differential delay between relay 
terminals. After the user computes the 
time delay of all the relay terminals, a 
feedback signal that carries the 
differential delay information is sent to 
each relay terminal via an uplink 
channel. The delay adaption method 
based on optical orthogonal codes is 
shown in figure 2.  
3. SIMULATION SET-UP AND 
RESULTS 
In order to evaluate the advantages 
of the proposed method, a simulation 
was performed using an empty room 
with dimensions of 8 m × 4 m × 3 m 
(length × width × height), see figure 
3. The plaster walls are assumed to 
reflect light rays in a form close to a 
Lambertian function. Therefore, the 
walls (including the ceiling) and 
floor were modeled as Lambertian 
reflectors with reflectivity of 80 % 
and 30 %, respectively. Reflections 
from doors and windows are 
identical to reflections from walls. 
The transmitted signals are reflected 
from the room reflecting surfaces 
which were divided into a number of 
equal-size, square-shaped reflection 
elements. The reflection elements 
were treated as small transmitters that diffuse the received signals from their centres in the form of a Lambertian 
pattern [25]-[30]. It is noted that third-order and higher reflections do not produce a significant change in the 
received optical power, and therefore reflections up to second order are considered. The surface element size used 
in this work was set to 5 cm × 5 cm for the first-order reflections and 20 cm × 20 cm for the second-order 
reflections. The transmitter is located at the centre of the ceiling while the user is in the communication plane 
which is 1m above the floor. The room set-up is showed in figure 3. 
We consider three different scenarios for relay terminals deployment in which the relay terminals are separately 
deployed 0.5m, 1m and 1.5m under the ceiling around the walls. Each scenario contains 12 relay terminals. The 
mutual distance between them is 1 m. Additional simulation parameters are given in Table 1.  
Table 1. Simulation parameters  
Parameter Configuration 
Room set 
Length, Width, Height 8m, 4m, 3m 
Reflectivity of walls 0.8 
 
 
Figure 2 delay adaption method based on optical orthogonal code 
technique 
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Figure 3 room set up showing transmitter, receiver and relay nodes 
Reflectivity of ceiling 0.8 
Reflectivity of floor 0.3 
IR Transmitter  
Quantity  1 
Location (2,4,3) 
The average optical power  1W 
hps  60º 
Relay terminals 
Quantity  12 
Locations  The relay terminals of three scenarios are separately deployed 0.5m, 1m and 
1.5m under the ceiling around the wall. 
Users 
Quantity  1 
Elevation  90º 
Azimuth  0º 
FOV 90º 
Resolution  
Time bin duration  0.1ns 
Bounces  1 2 
Surface elements  32000 2000 
Wavelength  850nm 
 
In this simulation, the influence of relay terminal on intensity and waveform are ignored, the received signal for 
a user can be defined as follows: 𝐼" 𝑡 = 𝑅[𝑋 𝑡 ⊗ ℎ*" 𝑡 ⊗ ℎ"+ 𝑡 ]-"./ ,																																																							(1) 
where N is the set of relay terminals, 𝑅 is the responsivity of the receiver, 𝑋 𝑡  is the instantaneous optical power 
at the transmitter, ℎ*" 𝑡  represents the channel impulse response for the channel between transmitter and relay 
terminal, ℎ"+ 𝑡  represents the impulse response for the channel between relay and receiver, and ⊗ represents 
convolution. The root-mean-square delay spread (D), which is a good measure of signal pulse spread, can be given 
by [30]-[37]: 𝐷 = 𝑡6 − 𝜇 9𝑃𝑟69𝑃𝑟69 ,																																																																											(2) 
where 𝑡6 is the delay time associated with the received optical power 𝑃𝑟6, 𝜇 is the mean delay given by: 𝜇 = 	𝑡6𝑃𝑟69𝑃𝑟69 																																																																																				(3) 
  
                                            （a）                                                                              (b) 
 
Figure 4 the root-mean-square delay spread results for (a) x=1m (b) x=2m 
Figure 4(a) shows the root-mean-square delay spread (D) of conventional relay system and the relay system with 
the delay adaptation (DA) method when relay terminals are deployed at 0.5m 1m and 1.5m below the ceiling and 
user is moved along Y axis with x=1m, while Figure 4(b) shows the root-mean-square delay spread (D) results 
with x=2m. 
  
                        (a)                                                                              (b) 
 
                                                 (c) 
Figure 5 the impulse response results in the conventional IR relay system and IR relay system with the delay 
adaptation (DA) method (a) Scenario 1 (b) Scenario 2 (c) Scenario 3 
Figure 5(a) shows the impulse response of the conventional relay system and relay system with delay adaptation 
method when the relay terminals are deployed at 0.5m and the user is at the room corner (1,1,1). Figure 5(b) shows 
the impulse responds of conventional relay system and relay system with the delay adaptation method when the 
relay terminals are deployed at 1 m and the user is at the room corner (1,1,1). Figure 5(c) shows the impulse 
responds of the conventional relay system and relay system with delay adaptation method when relay terminals 
are deployed at 1.5m and user at the room corner (1,1,1). The results show that the root-mean-square delay spread 
of the IR relay system with the DA method is lower than the conventional IR relay system in different scenarios. 
Meanwhile the pulse spread of the IR relay system is reduced by the DA method as the results showed in figure 5. 
4. CONCLUSIONS 
This paper introduced a delay adaptation method in IROWC relay systems. The root-mean-square delay spread 
and impulse response of conventional relay systems and relay systems with relay adaptation method are 
investigated in three different scenarios. The root-mean-square delay spread of relay systems with delay adaptation 
method is 30% less than that of the conventional relay system on average in three different scenarios. The relay 
system with delay adaptation method has better impulse response compared with conventional relay system. We 
have found that applying the delay adaptation method in IROWC relay systems reduces the delay spread. Future 
work includes analysing the SNR and optimizing relay terminal deployment schemes for the proposed system. 
ACKNOWLEDGMENTS 
The authors would like to acknowledge funding from the Engineering and Physical Sciences Research Council 
(EPSRC) INTERNET (EP/H040536/1), STAR (EP/K016873/1) and TOWS (EP/S016570/1) projects.  SHM 
would like to thank EPSRC for providing her Doctoral Training Award scholarship. All data are provided in full 
in the results section of this paper. 
REFERENCES  
[1] J. R. Barry, J. M. Kahn, W. J. Krause, E. A. Lee, and D. G. Messerschmitt, “Simulation of Multipath Impulse 
Response for Indoor Wireless Optical Channels,” IEEE J. Sel. Areas Commun., vol. 11, no. 3, pp. 367–379, 
1993. 
[2] F. R. Gfeller and U. Bapst, “Wireless In-House Data Communication via Diffuse Infrared Radiation,” Proc. 
IEEE, vol. 67, no. 11, pp. 1474–1486, 1979. 
[3] Y. Wang, Y. Wang, N. Chi, J. Yu, and H. Shang, “Demonstration of 575-Mb/s downlink and 225-Mb/s uplink 
bi-directional SCM-WDM visible light communication using RGB LED and phosphor-based LED,” Opt. 
Express, vol. 21, no. 1, p. 1203, 2013. 
[4] P. Djahani and J. M. Kahn, “Analysis of infrared wireless links employing multibeam transmitters and 
imaging diversity receivers,” IEEE Trans. Commun., vol. 48, no. 12, pp. 2077–2088, 2000. 
[5] F. E. Alsaadi, M. A. Alhartomi, and J. M. H. Elmirghani, “Fast and efficient adaptation algorithms for multi-
gigabit wireless infrared systems,” IEEE/OSA Journal of Lightwave Technology, vol. 31, no. 23, pp. 3735–
3751, 2013. 
[6] AT. Hussein and J. M. H. Elmirghani, “10 Gbps Mobile Visible Light Communication System Employing 
Angle Diversity, Imaging Receivers, and Relay Nodes,” IEEE/OSA Journal of Optical Communications and 
Networking, vol. 7, no. 8, pp. 718–735, 2015. 
[7] AT. Hussein and J. M. H. Elmirghani, “Mobile Multi-Gigabit Visible Light Communication System in 
Realistic Indoor Environment,” IEEE/OSA Journal of Lightwave Technology, vol. 33, no. 15, pp. 3293–
3307, 2015. 
[8] M. T. Alresheedi and J. M. H. Elmirghani, “Hologram selection in realistic indoor optical wireless systems 
with angle diversity receivers,” IEEE/OSA Journal of Optical Communications and Networking, vol. 7, No. 
8, pp. 797-813, 2015. 
[9] A. T. Hussein, M. T. Alresheedi, and J. M. H. Elmirghani, “20 Gb/s Mobile Indoor Visible Light 
Communication System Employing Beam Steering and Computer Generated Holograms,” IEEE/OSA 
Journal of Lightwave Technology, vol. 33, no. 24, pp. 5242–5260, 2015. 
[10] A. T. Hussein, M. T. Alresheedi, and J. M. H. Elmirghani, “25 Gbps mobile visible light communication 
system employing fast adaptation techniques,” in 2016 18th International Conference on Transparent Optical 
Networks (ICTON), 2016. 
[11] A. T. Hussein, M. T. Alresheedi and J. M. H. Elmirghani, “Fast and Efficient Adaptation Techniques for 
Visible Light Communication Systems,” IEEE/OSA Journal of Optical Communications and Networking, 
vol. 8, No. 6, pp. 382-397, 2016. 
[12] O. Z. Alsulami, M. T. Alresheedi, and J. M. H. Elmirghani, “Transmitter diversity with beam steering,” in 
2019 21st International Conference on Transparent Optical Networks (ICTON), 2019, pp. 1–5. 
[13] O. Z. Alsulami, M. O. I. Musa, M. T. Alresheedi, and J. M. H. Elmirghani, “Co-existence of Micro, Pico and 
Atto Cells in Optical Wireless Communication,” in 2019 IEEE Conference on Standards for Communications 
and Networking (CSCN), 2019, pp. 1–5. 
[14] S. O. M. Saeed, S. Hamid Mohamed, O. Z. Alsulami, M. T. Alresheedi, and J. M. H. Elmirghani, “Optimized 
resource allocation in multi-user WDM VLC systems,” in 2019 21st International Conference on Transparent 
Optical Networks (ICTON), 2019, pp. 1–5. 
[15] A. Al-Ghamdi, and J.M.H. Elmirghani, “Optimisation of a PFDR antenna in a fully diffuse OW system 
influenced by background noise and multipath propagation,” IEEE Transactions on Communication, vol. 51, 
No. 12, pp. 2103-2114, 2003. 
[16] M. Safari and M. Uysal, "Relay-assisted free-space optical communication", IEEE Transactions on Wireless 
Communications, vol. 7, no. 12, pp. 5441-5449, 2008. Available: 10.1109/t-wc.2008.071352. 
[17] L. Feng, R. Hu, J. Wang and Y. Qian, "Deployment Issues and Performance Study in a Relay-Assisted Indoor 
Visible Light Communication System", IEEE Systems Journal, vol. 13, no. 1, pp. 562-570, 2019. Available: 
10.1109/jsyst.2018.2869073. 
[18] F. E. Alsaadi and J. M. H. Elmirghani, “Adaptive mobile line strip multibeam MC-CDMA optical wireless 
system employing imaging detection in a real indoor environment,” IEEE Journal on Selected Areas in 
Communications, vol. 27, no. 9, pp. 1663–1675, 2009. 
[19] F. E. Alsaadi and J. M. H. Elmirghani, “High-speed spot diffusing mobile optical wireless system employing 
beam angle and power adaptation and imaging receivers,” IEEE/OSA Journal of Lightwave Technology, vol. 
28, no. 16, pp. 2191–2206, 2010. 
[20] F. E. Alsaadi and J. M. H. Elmirghani, “Mobile Multi-gigabit Indoor Optical Wireless Systems Employing 
Multibeam Power Adaptation and Imaging Diversity Receivers,” IEEE/OSA Journal of Optical 
Communications and Networking, vol. 3, no. 1, pp. 27–39, 2011. 
[21] F. E. Alsaadi and J. M. H. Elmirghani, “Performance evaluation of 2.5 Gbit/s and 5 Gbit/s optical wireless 
systems employing a two dimensional adaptive beam clustering method and imaging diversity detection,” 
IEEE Journal on Selected Areas in Communications, vol. 27, no. 8, pp. 1507–1519, 2009. 
[22] F. E. Alsaadi, M. Nikkar, and J. M. H. Elmirghani, “Adaptive mobile optical wireless systems employing a 
beam clustering method, diversity detection, and relay nodes,” IEEE Transactions on Communications, vol. 
58, no. 3, pp. 869–879, 2010. 
[23] M. T. Alresheedi and J. M. H. Elmirghani, “Performance evaluation of 5 Gbit/s and 10 Gbit/s mobile optical 
wireless systems employing beam angle and power adaptation with diversity receivers,” IEEE Journal on 
Selected Areas in Communications, vol. 29, no. 6, pp. 1328–1340, 2011. 
[24] M. T. Alresheedi and J. M. H. Elmirghani, “10 Gb/s indoor optical wireless systems employing beam delay, 
power, and angle adaptation methods with imaging detection,” IEEE/OSA Journal of Lightwave Technology, 
vol. 30, no. 12, pp. 1843–1856, 2012. 
[25] A. G. Al-Ghamdi and J. M. H. Elmirghani, “Spot diffusing technique and angle diversity performance for 
high speed indoor diffuse infra-red wireless transmission,” IEE Proc. Optoelectron., vol. 151, no. 1, pp. 46–
52, 2004. 
[26] A. Al-Ghamdi, and J.M.H. Elmirghani, “Line Strip Spot-diffusing Transmitter Configuration for Optical 
Wireless systems Influenced by Background Noise and Multipath Dispersion,” IEEE Transactions on 
communication, vol. 52, No. 1, pp. 37-45, 2004. 
[27] A. Al-Ghamdi, and J.M.H. Elmirghani, “Analysis of diffuse optical wireless channels employing spot 
diffusing techniques, diversity receivers, and combining schemes,” IEEE Transactions on communication, 
Vol. 52, No. 10, pp. 1622-1631, 2004. 
[28] A. G. Al-Ghamdi and J. M. H. Elmirghani, “Characterization of mobile spot diffusing optical wireless 
systems with receiver diversity,” ICC’04 IEEE International Conference on Communications, vol. 1, pp. 133-
138, Paris, 20-24 June 2004. 
[29] A. Al-Ghamdi, and J.M.H. Elmirghani, “Optimisation of a PFDR antenna in a fully diffuse OW system 
influenced by background noise and multipath propagation,” IEEE Transactions on Communication, vol. 51, 
No. 12, pp. 2103-2114, 2003. 
[30] H.H. Chan, H.H., K.L. Sterckx, J.M.H. Elmirghani, and R.A. Cryan, “Performance of optical wireless OOK 
and PPM systems under the constraints of ambient noise and multipath dispersion,” IEEE Communications 
Magazine, Vol. 36, No. 12, pp. 83-87, 1998. 
[31] A. Al-Ghamdi, and J.M.H. Elmirghani, “Performance evaluation of a triangular pyramidal fly-eye diversity 
detector for optical wireless communications,” IEEE Communications Magazine, vol. 41, No. 3, pp. 80-86, 
2003. 
[32] M. T. Alresheedi, A. T. Hussein, and J. M. H. Elmirghani, “Uplink design in VLC systems with IR sources 
and beam steering,” IET Communications, vol. 11, no. 3, pp. 311–317, 2017. 
[33] K. L. Sterckx, J. M. H. Elmirghani, and R. A. Cryan, “Pyramidal fly-eye detection antenna for optical wireless 
systems,” Optical Wireless Communications. (Ref. No. 1999/128), IEE Colloq., pp. 5/1-5/6, 1999. 
[34] J.M.H. Elmirghani, and R.A. Cryan, "New PPM CDMA hybrid for indoor diffuse infrared channels," 
Electron. Lett, vol 30, No 20, pp. 1646-1647, 29 Sept. 1994. 
[35] F. E. Alsaadi and J. M. H. Elmirghani, “Adaptive mobile spot diffusing angle diversity MC-CDMA optical 
wireless system in a real indoor environment,” IEEE Transactions on Wireless Communications, vol. 8, no. 
4, pp. 2187–2192, 2009. 
[36] Z. Alsulami et al., “Optimum resource allocation in optical wireless systems with energy efficient fog and 
cloud architectures,” Philosophical Transactions of the Royal Society A Mathematics, Physics, Engineering 
and Science, vol. 378, No. 2169, pp. 1-11, March 2020. 
[37] K.L. Sterckx, J.M.H. Elmirghani, and R.A. Cryan, “Sensitivity assessment of a three-segment pyrimadal fly-
eye detector in a semi-disperse optical wireless communication link,” IEE Proceedings Optoelectronics, vol. 
147, No. 4, pp. 286-294, 2000.  
